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The striatum is the largest nucleus of the basal ganglia and is crucially involved in
action selection and reward processing. Cortical and thalamic inputs to the striatum
are processed by local networks in which several classes of interneurons play an
important, but still poorly understood role. Here we investigated the interactions
between cholinergic and low-threshold spike (LTS) interneurons. LTS interneurons were
hyperpolarized by co-application of muscarinic and nicotinic receptor antagonists
(atropine and mecamylamine, respectively). Mecamylamine alone also caused
hyperpolarizations, while atropine alone caused depolarizations and increased firing.
LTS interneurons were also under control of tonic GABA, as application of the GABAA
receptor antagonist picrotoxin caused depolarizations and increased firing. Frequency
of spontaneous GABAergic events in LTS interneurons was increased by co-application
of atropine and mecamylamine or by atropine alone, but reduced by mecamylamine
alone. In the presence of picrotoxin and tetrodotoxin (TTX), atropine and mecamylamine
depolarized the LTS interneurons. We concluded that part of the excitatory effects
of tonic acetylcholine (ACh) on LTS interneurons were due to cholinergic modulation
of tonic GABA. We then studied the influence of LTS interneurons on cholinergic
interneurons. Application of antagonists of somatostatin or neuropeptide Y (NPY)
receptors or of an inhibitor of nitric oxide synthase (L-NAME) did not cause detectable
effects in cholinergic interneurons. However, prolonged synchronized depolarizations of
LTS interneurons (elicited with optogenetics tools) caused slow-onset depolarizations in
cholinergic interneurons, which were often accompanied by strong action potential firing
and were fully abolished by L-NAME. Thus, a mutual excitatory influence exists between
LTS and cholinergic interneurons in the striatum, providing an opportunity for sustained
activation of the two cell types. This activation may endow the striatal microcircuits with
the ability to enter a high ACh/high nitric oxide regime when adequately triggered by
external excitatory stimuli to these interneurons.
Keywords: striatum, interneuron, acetylcholine, nitric oxide, GABA, mutual excitation
INTRODUCTION
The striatum is the largest nucleus of the basal ganglia and the main recipient of cortical
and thalamic inputs (Zheng and Wilson, 2002; Gerfen and Surmeier, 2011). These excitatory
inputs are locally processed and transformed into striatal outputs, which are crucial for motor
control and action selection (Balleine et al., 2007; Pennartz et al., 2009). A complex striatal
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microcircuit, that includes several types of interneurons, is
involved in this operation (Tepper and Bolam, 2004). While
most GABAergic interneurons and all projection neurons of the
striatum are not autonomously active, two well characterized
interneuronal types, the cholinergic interneurons and the nitric
oxide-expressing cells known as low-threshold spike (LTS)
interneurons, generate spikes even in the absence of synaptic
inputs (Bennett et al., 2000; Beatty et al., 2012). The continuous
activity of these interneurons is expected to cause tonic release
of neurotransmitters, which in turn is likely to contribute to
the resting state of the striatal networks. In vivo experiments
have shown that striatal tonically active neurons (TANS) also
produce phasic responses, particularly to reward-related events
(Apicella, 2007). TANS exhibit a characteristic pause in their
firing after delivery of an unexpected reward, that coincides, at
least partially, with the burst of action potentials generated by
dopaminergic neurons in response to reinforcing stimuli (Joshua
et al., 2008). While TANS have been historically identified as
cholinergic interneurons, it has subsequently emerged that LTS
interneurons have spontaneous firing patterns that are virtually
indistinguishable from those of cholinergic interneurons (Beatty
et al., 2012). Therefore it is highly likely that a part of the
TANS recorded in vivo were LTS, rather than cholinergic,
interneurons.
While the ability of the local GABAergic network to provide
feedforward and feedback inhibition to projection neurons
has been investigated in great detail (Koos et al., 2004),
only more recently has the function of other interneurons
started to emerge. Several studies have investigated the
role of cholinergic interneurons in the striatal microcircuits
(English et al., 2011) These cells control glutamatergic inputs
to striatal projection neurons (Pakhotin and Bracci, 2007)
and in doing so can gate corticostriatal inputs in response
to thalamic activation (Ding et al., 2010). Furthermore,
cholinergic interneurons are crucially involved in the control
of dopamine release, being able to trigger such release
even in the absence of action potentials in dopaminergic
fibers (Threlfell et al., 2012). In comparison, the role of
LTS interneurons is far less understood. In addition to
nitric oxide synthase, LTS interneurons also express GABA,
somatostatin and neuropeptide Y (NPY; Ibáñez-Sandoval et al.,
2011). While the release of GABA by LTS interneurons
can inhibit striatal projection neurons (Tepper et al., 2008),
the influence of their other neurotransmitters is still poorly
documented. Nitric oxide appears to control glutamatergic
inputs to striatal projection neurons in a complex manner.
In particular, this neurotransmitter has been shown to affect
both short- and long-term plasticity of corticostriatal synapses
(Centonze et al., 1999; Picconi et al., 2011; West and Tseng,
2011).
While cortical and thalamic glutamatergic inputs control the
activity of both cholinergic and LTS interneurons (Partridge
et al., 2009; Doig et al., 2014), previous evidence also
raised the possibility that reciprocal interactions between these
interneurons may exist. Excitation of cholinergic interneurons
has been described in response to exogenous application of
nitric oxide donors (Centonze et al., 2001) raising the possibility
that release of endogenous nitric oxide by LTS interneurons
could also exert control over these cells. Furthermore, activation
of nicotinic and muscarinic receptors modulates tonic GABA
levels in the striatum (Luo et al., 2013). Although it is not
clear how this modulation may affect LTS interneurons, this
finding suggests that acetylcholine (ACh) could exert both direct
and indirect actions on these cells. Studies of LTS interneurons
have been limited by their relative rarity and absence of
morphological distinctive features. In order to cast light on these
issues, we studied the interactions between LTS and cholinergic
interneurons using two strains of transgenic animals in which
LTS interneurons can be visually identified (Ibáñez-Sandoval
et al., 2011) and photostimulated (Rafalovich et al., 2015).
MATERIALS AND METHODS
Animals
All experiments were carried out in accordance with the 1986
Animal (Scientific Procedures) Act, and with approval from the
UKHome Office. Recordings were obtained from two transgenic
mouse lines. The first line comprised heterozygous BAC NPY-
GFP mice in which a humanized Renilla green fluorescent
protein (hrGFP, Stratagene) sequence was inserted into the start
of the transitional site of the NPY gene (Stock 006417, Jackson
Laboratory, USA). On these mice, NPY-expressing neurons also
express GFP.
The second transgenic line (ChR2-SOM) was obtained
by crossing homozygous SOM-IRES-Cre mice (Stock 013044,
Jackson Laboratory, USA) with homozygous ChR2 (H134R)-
eYFP mice (Stock 024109, Jackson Laboratory, ME, USA).
The resulting offspring selectively express a channelrhodopsin2-
yellow fluorescent protein (ChR2 (H134R)-eYFP) fusion protein
in somatostatin-expressing neurons.
Slice Preparation
Mice aged 25± 5 days were anesthetized with inhaled isoflurane
and perfused transcardially with 2.5–5 ml of oxygenated ice
cold modified HEPES artificial CSF (aCSF) solution containing
(in mM): 92 NaCl, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3,
20 HEPES, 25 Glucose, 5 sodium ascorbate, 2 Thiourea,
3 sodium pyruvate, 10 MgSO4.7H2O, 0.5 CaCl2.2H2O at
pH 7.4. The animals were subsequently killed by decapitation
and the brain was quickly removed from the skull. Using
a vibroslicer (Camden instruments), parasagittal brain slices
(250 µm thick) were prepared. Slices were immediately
transferred to a recovery chamber containing modified HEPES
aCSF continuously bubbled with a carbogen mixture of 95% O2
and 5% CO2 gas, were they were kept at 32◦C for 15 min. Slices
were then transfer red to a storage chamber which contained
oxygenated standard aCSF at 25◦C. The slices were left for at least
1 h to equilibrate before electrophysiological recordings.
For recordings, slices were transferred to a recording
chamber and continuously superfused with oxygenated standard
aCSF containing (in mM): 124 NaCl, 2.5 KCl, 1.2 NaH2PO4,
24 NaHCO3, 5 HEPES, 12.5 Glucose, 2 MgSO4.7H2O,
2 CaCl2.2H2O at pH 7.4 (flow rate 1.5−2 ml/min) at 24–25◦C.
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Slice Visualization and Optogenetic
Stimulation
Slices were visualized using an infrared/differential interface
contrast microscopy with a 40× water-immersion objective.
For visualization of GFP- or eYFP-expressing neurons, we
used epifluorescence with standard GFP filters; GFP or eYFP
excitation was provided through either a mercury lamp
(Olympus U-RFL-T) or a high power blue light LED driver
(DC2100, ThorLabs). For photostimulation of ChR2 expressing
neurons, we used a high power blue light LED driver (DC2100,
ThorLabs) connected to the fluorescent port of an Olympus
BX51 microscope. The size of the photostimulation spot was
reduced to approximately 1–2 mm using the diaphragms of the
fluorescence port.
Electrophysiological Recording
For whole-cell recordings, patch pipettes (3–6 MΩ) were
prepared by pulling borosilicate glass tubes with a PC-10
puller (Narishige). Pipettes were filled with an intracellular
solution containing in (mM): 120 K-gluconate, 20 KCl, 2 MgCl2,
12 HEPES, 0.4 Na-GTP and 4 Na2-ATP, 0.04 EGTA, adjusted
to pH 7.3 with KOH. Current-clamp recordings were performed
in bridge mode using an NPI BA-1S bridge amplifier. For
experiments in which spontaneous and evoked GABAergic
inhibitory postsynaptic potentials (IPSPs) were studied, a high-
chloride intracellular solution (in which equimolar KCl replaced
K-Gluconate) was used to increase chloride driving force and
therefore GABAergic responses.
In NPY-GFP mice, NPY-expressing neurons also expressed
GFP. In the striatum, these GFP-positive cells belong to
two distinct interneuronal types: LTS interneurons and
neurogliaform interneurons (NGFIs; Ibáñez-Sandoval et al.,
2011; Logie et al., 2013). A parasagittal brain slice from an NPY-
GFP mouse imaged with fluorescence microscopy is shown in
Figure 1A (left). A larger magnification image of the striatum is
shown in the right-hand panel. NPY-positive LTS interneurons
were initially identified based on their fluorescence, usually
slightly fainter than that of NGFIs (Ibáñez-Sandoval et al., 2011);
once a whole-cell configuration was established, identification
of LTS interneurons was confirmed based on their distinctive
electrophysiological properties, that are revealed by current
injections and include high (>0.5 G) input resistance and
prolonged rebound calcium spikes (Kawaguchi, 1993; Beatty
et al., 2012; Cains et al., 2012), as shown in the example
of Figure 1B. Most LTS interneurons were spontaneously
active (Beatty et al., 2012) as shown in the example of
Figure 1C.
In ChR2-SOM mice, eYFP and ChR2 are selectively
expressed by somatostatin-expressing neurons that, in the
striatum, correspond to LTS interneurons (Ibáñez-Sandoval
et al., 2011). The electrophysiological properties of these
neurons were checked at the beginning of each whole-cell
recording from eYFP-positive neurons using current pulses
(Figure 7B).
During IR microscopic slice observation, cholinergic
interneurons were identified based on their very large somatic
FIGURE 1 | Identification of low-threshold spike (LTS) interneurons in
neuropeptide Y (NPY)-green fluorescent protein (GFP) mice. (A)
Fluorescent photomicrography of a typical parasagittal brain slice from an
NPY-GFP mouse. GFP-positive neurons are visible both in the cortex and the
hippocampus (at higher density) and in the striatum. The right-hand panel
shows GFP-positive neurons in the striatum. These are mainly medium-sized
cells, with a number of primary dendrites emerging from the soma (inset).
Calibration bars: 500 µm (left panel), 200 µm (right panel). (B) Typical
properties of a LTS interneuron as revealed by current injection steps, which
were superimposed on a small steady current injection (−5 pA) delivered to
abolish spontaneous spikes before current steps. Negative current steps were
followed by prolonged rebound plateau potentials, accompanied by spikes.
(C) An example of regular firing observed in a spontaneously active LTS
interneuron. Properties similar to the ones of (B) could be elicited in all
spontaneously active neurons if their firing was abolished by a steady negative
current injection.
size. After establishment of a whole-cell configuration, their
identity was confirmed upon observation of their distinctive
electrophysiological properties probed with current pulses
(Kawaguchi, 1993; Wilson, 2005; Blomeley et al., 2011). Cell-
attached recordings were carried out using glass pipettes similar
to those used for whole-cell recordings, filled with either ACSF
or intracellular solution. In that configuration, cholinergic
interneurons were identified based on their large somata, lack
of fluorescence and presence of spontaneous extracellular
firing.
Medium-sized neurons were classified as projection neurons
(MSNs) based on their distinctive membrane properties in
response to injections of negative and positive current, as in
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previous studies (Bracci et al., 2003; Blomeley et al., 2009;
Blomeley and Bracci, 2011).
Spontaneous and evoked GABAergic IPSPs were recorded
in the presence of the NMDA receptor antagonist D-AP5
(10 µM) and the AMPA receptor antagonist NBQX (10 µM),
in order to block ionotropic glutamate receptors. Electrical
stimulations (100–1000 µA, 100–1000 µs) were applied with
a monopolar glass electrode (<0.1 MΩ) filled with ACSF and
placed near the recorded cell in order to stimulate the local
GABAergic fibers. Paired pulse stimulation (200 ms interval)
was delivered continuously every 10 s in control solution and
during application of pharmacological treatments. Data collected
during the initial washing of the drugs (first 5 min) were
excluded from analysis. At least 30 paired-pulse responses were
present in each pharmacological condition considered in this
study. For analysis of the amplitude of the first response, in
each experiment, the amplitudes of the responses evoked by
the first stimulus were normalized to the average amplitude of
these responses in control solution. Paired-pulse ratios (PPR)
were calculated as the ratio between the amplitudes of second
evoked IPSP and the first evoked IPSP. For each experiment,
the amplitudes of first responses and PPR values were measured
for each stimulation in each pharmacological condition and
compared statistically (using a Mann–Whitney U test, as the
normal distribution hypothesis is not tenable for ratios of
variables). Average data from different neurons were compared
using a Wilcoxon matched-pairs signed rank test.
Spontaneous GABAergic IPSPs were defined as fast upward
deflections exceeding a threshold of twice the standard deviations
(SD) of the baseline noise. At least five consecutive minutes
were analyzed for each pharmacological condition. In each
experiment, the average event amplitude and average inter-event
interval observed in control and in the presence of drug(s) were
compared statistically. The analysis of spontaneous IPSPs was
performed using Spike 2 Software (C.E.D.).
Drugs
All drugs were obtained from Tocris Biosciences (UK) and were
bath-applied by at the concentrations mentioned in the ‘‘Results’’
Section.
Data Analysis
Data were acquired using Signal (2.9) Software and a Micro 1401
data acquisition unit (C.E.D.). Off-line data analysis was carried
out with Signal and Spike 2 software.
All results are expressed as mean ± SD. Student’s unpaired
t-test was used for statistical comparisons, except for PPRs (see
below). Statistical significance was accepted if p< 0.05.
RESULTS
Cholinergic Control of LTS Interneurons
LTS interneurons are relatively rare in the striatum and cannot
be visually identified in wild-type animals, making systematic
electrophysiological investigations of these cells problematic
in wild type animals (Beatty et al., 2012). Therefore, we
used NPY-GFP mice in which LTS interneurons express GFP
and can be subsequently identified based on their typical
electrophysiological properties (See ‘‘Materials and Methods’’
Section; Figure 1B). A total of 75 NPY-GFP mice (both
sexes) aged 25 ± 5 days were used in this study. Whole-cell
recordings were obtained from 86 GFP-positive striatal LTS
neurons. Of these, 82 were spontaneously active in the absence
of any injected current, with an average firing frequency of
4.4± 1.7 Hz.
Effects of Cholinergic Receptor
Antagonists on LTS Interneurons
Cholinergic interneurons are the main source of ACh in the
striatum (Dautan et al., 2014). As most cholinergic interneurons
are spontaneously active in brain slices (Wilson, 2005), they
are likely to generate a substantial tonic level of ACh in the
striatum. We therefore used antagonists of muscarinic and
nicotinic receptors to study how endogenous ACh affects LTS
interneurons.
Simultaneous application of the broad spectrum nicotinic
receptor antagonist mecamylamine hydrochloride (10 µM) and
the broad spectrum muscarinic receptor antagonist atropine
(20 µM) had an inhibitory influence, causing significant
(p < 0.05) increases in the average inter-spike-interval (ISI) in 7
out of 7 LTS interneurons recorded in whole-cell configuration
(Figure 2A). The effects of mecamylamine and atropine on
spontaneous firing frequency in individual experiments are
plotted in Figure 2B.
In order to dissect out the contribution of each receptor class
to the observed effects, we then applied the two antagonists
individually. Mecamylamine also produced a significant
(p< 0.001) increase in average ISI in 7 out of 7 LTS interneurons,
as shown in Figure 2C. The effects of mecamylamine on
spontaneous firing frequency in individual experiments are
plotted in Figure 2D.
Bath-application of atropine produced opposite effects on
LTS interneurons. Atropine caused significant (p < 0.05)
decreases in the average ISI in 5/9 LTS interneurons (Figure 2E),
while the ISI was not significantly affected in the remaining 4/9
cells. The effects of atropine on spontaneous firing frequency in
individual experiments are plotted in Figure 2F.
We concluded from these pharmacological experiments that
a strong cholinergic tone is present in the striatum and has a net
excitatory influence on LTS interneurons.
Influence of Tonic GABA on LTS
Interneurons
Recent studies have shown that tonic GABA present in the
striatum affects the membrane potential of striatal projection
neurons and that the activation of muscarinic and nicotinic
receptors modulates this tonic GABAergic influence (Ade et al.,
2008; Luo et al., 2013). In order to assess the possible contribution
of GABA to the cholinergic effects observed in LTS interneurons,
we initially studied the influence of tonic GABA on these cells.
Bath application of the GABAA antagonist picrotoxin (100 µM)
had a strong excitatory influence, causing an increase in firing
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FIGURE 2 | Effects of nicotinic and muscarinic receptor antagonists on LTS interneurons. (A) Co-application of mecamylamine and atropine produced a
hyperpolarization accompanied by decreased firing in a LTS interneuron. These effects were reversed after washout. (B) Average spontaneous firing frequency
observed in seven LTS interneurons before and after co-application of mecamylamine and atropine. (C) Application of mecamylamine produced a reversible
hyperpolarization accompanied by cessation of spontaneous firing in a LTS interneuron. (D) Average spontaneous firing frequency observed in seven LTS
interneurons before and after co-application of mecamylamine. (E) Application of atropine produced a depolarization and an increase in spontaneous firing frequency
in a LTS interneuron. These effects were reversed after washout. (F) Average spontaneous firing frequency observed in nine LTS interneurons before and after
co-application of atropine. Two LTS interneurons did not fire in either condition.
frequency in 6 out of 6 LTS interneurons tested. Of these
cells, four were spontaneously active in control solution; in
these cells, the average ISI increased significantly (p < 0.05)
in the presence of picrotoxin. The remaining two neurons
became spontaneously active in the presence of picrotoxin
(Figure 3A).
In the presence of the sodium channel blocker
tetrodotoxin citrate (TTX; 1 µM), picrotoxin evoked reversible
depolarizations in 14 out of 15 LTS interneurons tested, as shown
in the example of Figure 3B and in Figure 3C. We concluded
that tonic GABA, released through both spike-dependent and
spike-independent mechanisms, provides a strong inhibitory
influence on LTS interneurons.
Direct Effects of Cholinergic Antagonists
on LTS Interneurons
These observations suggested that at least part of the effects
of cholinergic receptor antagonists on these cells could be
due to modulation of tonic GABA levels. In order to
dissect out the direct influence of endogenous ACh on LTS
interneurons, we investigated the effects of nicotinic and/or
muscarinic receptor blockers in the presence of both picrotoxin
and TTX. Under these conditions, mecamylamine elicited
hyperpolarizations in 5 out of 6 LTS interneurons (no effects
were observed in the remaining one). Conversely, atropine
caused depolarizations in 5/5 LTS interneurons. Examples of
these effects are illustrated in Figures 4A,B. In contrast to the
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FIGURE 3 | Tonic GABA inhibits LTS interneurons. (A) In a LTS
interneuron that was not spontaneously active, application of picrotoxin
triggered a reversible depolarization accompanied by action potential firing.
(B) In another LTS interneuron, in the presence of tetrodotoxin (TTX),
application of picrotoxin caused a reversible depolarization. (C) Average
changes in membrane potential observed in 15 LTS interneurons after
application of picrotoxin in the presence of TTX.
experiments carried out in control solution, in the presence
of TTX and picrotoxin co-application of mecamylamine and
atropine caused depolarizations in 3/5 LTS interneurons (no
effects in the remaining two), as shown in the example of
Figure 4C. The average effects of individual blockers and their
co-application in the presence of picrotoxin and TTX are shown
in Figure 4D.
The observation that co-application of nicotinic and
muscarinic receptor antagonists had opposite effects in
control solution and in the presence of TTX and picrotoxin,
suggested that indirect cholinergic effects on GABA release
played a major role in the cholinergic control of LTS
interneurons.
Cholinergic Control of GABAergic Events
While tonic GABA levels could not be directly measured, we
investigated the effects of cholinergic antagonists on spontaneous
and evoked GABAergic events detectable in LTS interneurons.
In these experiments, membrane potentials were kept at
hyperpolarized levels (between −79 and −90 mV) by steady
current injections. Changes in membrane potential induced by
cholinergic antagonists were compensated manually, so that the
membrane potential was maintained at control level throughout
the experiment.
Atropine significantly (p < 0.05 for inter-event intervals)
increased the frequency of spontaneous GABAergic events
without affecting their average amplitude in 5 out of 5 LTS
interneurons (Figures 5A,B). On average, across all neurons
tested, the inter-event interval decreased by 49 ± 7% in the
presence of atropine.
GABAergic events evoked by paired-pulse stimulation were
also significantly (p < 0.05) increased in amplitude in the
presence of atropine in 4 out of 5 cells, as shown in the example
of Figure 5C and in the plot of Figure 5D. The PPR was
significantly (p < 0.05) reduced in the presence of atropine in
4/5 cells. However, average PPR values pooled from different
neurons were not significantly different in control and in the
presence of atropine (Figure 5D).
Conversely, mecamylamine significantly (p < 0.05) reduced
the frequency of the spontaneous GABAergic events without
affecting their average amplitude in 4/4 LTS interneurons
(Figures 5E,F). On average, across all neurons tested, the inter-
event interval increased by 111 ± 4% in the presence of
mecamylamine.
In the presence of mecamylamine (Figures 5G,H) GABAergic
evoked responses were also significantly (p < 0.05) reduced
in amplitude in 4/4 neurons (Figures 5G,H). PPR was not
significantly affected by mecamylamine in any of these cells
(average values are shown in Figure 5H).
We concluded that tonic activation of nicotinic receptors by
endogenous ACh has a facilitatory action on GABA inputs to
LTS interneurons, while activation of muscarinic receptors has
an inhibitory influence.
When antagonists of muscarinic and nicotinic receptors were
applied simultaneously, the net effect on spontaneous GABA
events was a significant increase in frequency (but not in
amplitude) in 3/4 LTS interneurons (as shown in the example of
Figures 6A,B). On average, across all neurons tested, the inter-
event interval decreased by 77 ± 8% in the combined presence
of atropine and mecamylamine. Co-application of muscarinic
and nicotinic receptor antagonists also significantly (p < 0.05)
increased the amplitude of evoked GABA responses in 4/4
LTS interneurons (Figures 6C,D). This was accompanied in
all neurons by a significant (p < 0.05) increase in the PPR
(Figure 6C). Average effects of atropine and mecamylamine on
PPR for all neurons tested are shown in Figure 6D.
The observation that co-application of mecamylamine and
atropine increases GABA events suggests that tonic ACh has a net
inhibitory effect on GABA release onto LTS interneurons, even
though the origin of the GABAergic inputs to LTS interneurons
is complex and could not be dissected out. Furthermore,
these results suggest that the hyperpolarizing effects caused by
co-application of mecamylamine and atropine in control
solution (but not in TTX and picrotoxin) are due to an increase
in tonic GABA.
Nitrergic Control of Cholinergic
Interneurons
Having elucidated how endogenous ACh affects the activity of
LTS interneurons, we investigated if LTS interneurons could in
turn control cholinergic interneurons. For this study, we used
a strain of transgenic mice in which somatostatin-expressing
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FIGURE 4 | Nicotinic and muscarinic antagonists affect LTS interneurons in the presence of TTX and picrotoxin. (A) In the presence of TTX and
picrotoxin, mecamylamine reversibly hyperpolarized a LTS interneuron. (B) In the presence of TTX and picrotoxin, atropine reversibly depolarized a LTS interneuron
(different cell from panel A). (C) In the presence of TTX and picrotoxin, co-application of mecamylamine and atropine caused a reversible depolarization in a LTS
interneuron (different cell from panels A,B). (D) Average effects of mecamylamine alone (n = 4), atropine alone (n = 4) or co-application of mecamylamine and
atropine (n = 4) on the membrane potential of LTS interneurons. Twelve different interneurons were used for these applications.
neurons selectively express channelrhodopsin and eYFP (see
"Materials and Methods" Section for details). A total of 29 ChR2-
SOMmice (both males and females) aged 28± 6 days were used
in this study. In these mice, expression of eYFP in the striatum
was limited to a minority of neurons, in which fluorescence
was detected in cell bodies and proximal dendrites, as shown in
Figure 7A. A fluorescence background of variable intensity was
also present in the cortex and in the striatum, but not in the
corpus callosum, and was presumably due to eYFP-positive fibers
that were too small to be individually identified (Figure 7A).
Whole-cell recordings were carried out from 40 cholinergic
interneurons. Of these, 38 were spontaneously active, with an
average firing frequency of 2.3± 1.2 Hz.
Influence of Tonic Somatostatin, NPY and
Nitric Oxide on Cholinergic Interneurons
LTS interneurons express GABA, somatostatin and NPY, in
addition to nitric oxide synthase (Kawaguchi, 1993; Tepper
et al., 2010). As most LTS interneurons are spontaneously
active and therefore likely to generate tonic levels of these
neurotransmitters, we initially studied the effects of antagonists
selective for their receptors on the activity of cholinergic
interneurons. However, as the effects of blocking GABA
receptors on cholinergic interneurons have already been
extensively described (Bennett and Wilson, 1998; Bonsi et al.,
2003), we did not carry out experiments with GABA receptor
antagonists.
Bath application of the broad spectrum NPY receptor
antagonist PD 160170 (20 µM) failed to affect the spontaneous
firing or membrane potential of cholinergic interneurons (n = 4;
average ISI was 0.8 ± 0.5 s in control and 0.7 ± 0.5 s
in the presence of PD190170). Similarly, no effects were
observed on cholinergic interneurons when the broad-spectrum
somatostatin receptor antagonist cyclosomatostatin (1 µM) was
applied (n = 4; average ISI in control was 1.5 ± 0.6 s in
control and 1.4 ± 0.5 s in the presence of cyclosomatostatin).
Application of the nitric oxide synthase inhibitor L-NAME
(100 µM) also failed to affect the membrane properties of
cholinergic interneurons (n = 4; average ISI was 1.1 ± 0.2 s
in control and 1.0 ± 0.1 s in the presence of L-NAME). We
concluded that tonic levels of NPY, somatostatin and nitric
oxide have little influence on the excitability of cholinergic
interneurons.
Influence of Phasic Activation of LTS
Interneurons on Cholinergic Interneurons
Nitric oxide release is thought to require large and prolonged
depolarizations of nitric oxide synthase-expressing neurons
(Garthwaite, 2008). Therefore, we tested the effects of
photostimulation of the striatum in Som-ChR2 mice, which is
expected to elicit selective depolarization of LTS interneurons
(Rafalovich et al., 2015). Consistent with this notion, eYFP-
positive neurons displayed membrane properties typical of
LTS interneurons (Figure 7B). Furthermore, in these cells,
blue light pulses (5 ms–10 s) elicited short latency (<1 ms),
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FIGURE 5 | Nicotinic and muscarinic antagonists affect GABAergic inputs to LTS interneurons. (A) Atropine increased the frequency of spontaneous
GABAergic events in a LTS interneuron. (B) Quantification of the effects of atropine on frequency and amplitude of spontaneous GABAergic events in the interneuron
of (A). The frequency, but not the amplitude, of spontaneous inhibitory postsynaptic potentials (IPSPs) was significantly (p < 0.05 for inter-event intervals) increased
by atropine. (C) The amplitude of evoked GABAergic PSPs was significantly increased by atropine in a LTS interneuron. Traces are average of five consecutive
events evoked by paired-pulse stimulation (200 ms intervals) delivered every 10 s. (D) Average effects of atropine on the amplitude of the first evoked GABAergic
PSP and on Paired-pulse ratios (PPR). For each experiment, the amplitude of GABA responses in the presence of atropine was expressed as percentage of average
GABA response amplitude in control solution. Asterisk indicates statistical significance at p < 0.05. (E) Mecamylamine decreased the frequency of spontaneous
GABAergic events in a LTS interneuron. (F) Quantification of the effects of mecamylamine on frequency and amplitude of spontaneous GABAergic events in the
interneuron of (A). The frequency, but not the amplitude, of spontaneous IPSPs was significantly (p < 0.05 for inter-event intervals) decreased by mecamylamine. (G)
The amplitude of evoked GABAergic PSPs was significantly decreased by mecamylamine in a LTS interneuron. Traces are average of five consecutive events evoked
by paired-pulse stimulation (200 ms intervals) delivered every 10 s. (H) Average effects of mecamylamine on the amplitude of the first evoked GABAergic PSP and on
PPR. For each experiment, the amplitude of GABA responses in the presence of mecamylamine was expressed as percentage of average GABA response
amplitude in control solution. Asterisk indicates statistical significance at p < 0.05.
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FIGURE 6 | Co-application of nicotinic and muscarinic antagonists increases GABAergic inputs to LTS interneurons. (A) Co-application of
mecamylamine and atropine increased the frequency of spontaneous GABAergic events in a LTS interneuron. (B) Quantification of the effects of co-application of
mecamylamine and atropine on frequency and amplitude of spontaneous GABAergic events in the interneuron of panel (A). The frequency, but not the amplitude, of
spontaneous IPSPs was significantly (p < 0.05 for inter-event intervals) increased by the antagonists. (C) The amplitude of evoked GABAergic IPSPs was significantly
increased by co-application of mecamylamine and atropine in a LTS interneuron. Traces are average of five consecutive events evoked by paired-pulse stimulation
(200 ms intervals) delivered every 10 s. (D) Average effects of co-application of mecamylamine and atropine on the amplitude of the first evoked GABAergic PSP and
on PPR. For each experiment, the amplitude of GABA responses in the presence of atropine and mecamylamine was expressed as percentage of average GABA
response amplitude in control solution. Asterisks indicate statistical significance at p < 0.05.
very large (>20 mV) depolarizations leading to intense action
potential firing, as shown in Figures 7B,C. This was in sharp
contrast with the responses to blue light observed in MSNs,
in which much smaller (<5 mV), subthreshold responses
were observed in 11/12 cases (Figure 7C). The latency of
these responses in MSNs was always >5 ms and they were
strongly reduced by application of the GABAA receptor
antagonist picrotoxin. We therefore attributed these responses
to synaptic GABA released from LTS interneurons excited by
blue light. In some cholinergic interneurons hyperpolarized
by current injections (8/12), an early response to blue
light pulses, similar to that observed in MSNs, was also
observed, as shown in Figures 7C, 9C. Furthermore, in
cholinergic interneurons (but never in MSNs), prolonged
(10 s) light pulses also elicited slower depolarizing effects
that were often accompanied by strong action potential
firing, as shown in the examples of Figures 8, 9. Such
slow depolarizing responses were elicited by 10 s blue light
pulses in 15 out of 24 cholinergic interneurons (63%) in
whole-cell experiments. They had peak amplitudes >10 mV
and often outlasted the light pulses, as did the associated
action potentials (Figures 8, 9). In agreement with the effects
observed in whole-cell recordings, photostimulation produced
delayed bursts of action potentials in 3 out of 3 cell-attached
recordings from cholinergic interneurons (Figures 8C,D). In
the example of Figures 8C,D, the action potentials continued
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FIGURE 7 | Light-evoked responses of striatal neurons in Som-ChR2
mice. (A) Fluorescent photomicrography of a Som-ChR2 mouse brain slice,
comprising striatum, corpus callosum and cortex (left). In the right panel, the
part of striatum contained in the dashed square in the left panel is shown at
higher magnification. Several eYFP-positive somata and their extensive
arborizations can be identified. The inset shows an eYFP-positive cell and its
primary dendrites. Calibration bars: 200 µm (left panel), 60 µm (right panel)
and 20 µm (inset). (B) Responses of an eYFP-positive neuron to a negative
and a positive current step (superimposed) and to several light pulses of
increasing length. A rebound low-threshold calcium spike, accompanied by
several action potentials, was present after termination of the negative current
pulse. Light pulses of increasing duration (5–800 ms) were applied after the
negative current step. Even the shortest light pulse (5 ms) elicited a strong
supra-threshold response in the interneuron. LTSs developing after termination
of the light stimulus are evoked by 5, 10, 50 and 100 ms pulses. Longer light
pulse lengths evoke prolonged action potential firing. (C) In an eYFP-positive
LTS interneuron, a light pulse evoked a short-latency (<1 ms), persistent
supra-threshold depolarization. Other neuronal types (cholinergic interneurons,
MSNs) tested with the same protocol displayed much smaller and transient
initial responses with a substantially longer latency (>5 ms). Resting potentials
were −78 mV (MSN), −64 mV (cholinergic interneuron), −64 mV (LTS
interneuron).
for several seconds after the end of a light pulse. Shorter light
pulses (50–1000 ms) failed to elicit measurable responses
in 7/7 cholinergic interneurons, suggesting that prolonged
depolarization of LTS interneurons was required for these
effects.
Pharmacology of Slow Depolarizations in
Cholinergic Interneuron Response
In order to establish their pharmacology, we tested if these
slow depolarizations were blocked by antagonists of the
receptors likely to be activated by LTS interneurons. The
slow depolarizations were not affected by application of
cyclosomatostatin (n = 4) or PD 160170 (n = 4), showing that
somatostatin and NPY were not responsible for these responses.
Nitric oxide acts in the striatum through both guanylate cyclase
(GC)-dependent and GC-independent mechanisms (Hartung
et al., 2011). We probed the involvement of GC by applying the
selective GC inhibitor ODQ (10 µM; n = 7). However, ODQ
did not affect the light-induced slow depolarizations (n = 7).
These results are illustrated by the experiments of Figures 8A,C,
in which the excitatory responses to blue light persisted in
the simultaneous presence of cyclosomatostatin, PD 160170
and ODQ.
To further investigate the possible involvement of nitric oxide,
we carried out experiments in which L-NAME was applied. As
shown in the two representative examples of Figure 9, L-NAME
completely abolished the slow depolarizing responses induced
by blue light in cholinergic interneurons (n = 4), regardless of
whether these responses were accompanied by action potentials
or not. During light pulses, average ISI was 0.30 ± 0.04 s in
control solution and 1.7 ± 0.6 s in the presence of L-NAME
(p < 0.001). We concluded that synchronized depolarization of
LTS interneurons in the striatum causes a strong excitation of
cholinergic interneurons, which is mediated by nitric oxide but
does not require GC activation.
DISCUSSION
This study investigated the interactions between LTS and
cholinergic interneurons, the two interneuronal types that are
spontaneously active in the striatum. Our data indicate that
strong mutual excitation exists between these cell types.
The significant excitatory influence exerted by tonic
endogenous ACh on LTS interneurons is clearly demonstrated
by the strong hyperpolarizations caused by pharmacological
block of nicotinic and muscarinic receptors. Our experiments
showed that this results from a combination of effects, involving
both receptor classes. Each of these receptor types affects the
LTS interneurons both directly (by modulating their intrinsic
excitability) and indirectly (by modulating tonic GABA levels).
Nicotinic receptors have a direct excitatory influence on LTS
interneurons, but they also increase the inhibitory GABA
inputs impinging on these cells. Muscarinic receptors inhibit
the LTS interneurons directly, but at the same time reduce
their GABAergic inputs. The net effect of tonic ACh on
GABAergic activity is inhibitory, as co-application of nicotinic
and muscarinic antagonists increases the frequency of detectable
GABAergic events. If we extrapolate these results to tonic GABA,
then the cholinergic reduction of GABA levels is expected to
exert a net excitatory influence on LTS interneurons (through
inhibition of their synaptic inhibition). On the other hand,
in terms of direct effects, the net action of tonic activation of
muscarinic and nicotinic is inhibitory, as in the presence of TTX
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FIGURE 8 | Photostimulation evokes slow depolarizations in cholinergic interneurons in Som-ChR2 mice. (A) In a whole-cell experiment, a 10 s light pulse
evoked a slowly-developing depolarization accompanied by robust firing in a cholinergic interneuron that was not spontaneously active (left). No early fast responses
to light pulses were observed in this particular neuron. The slow depolarizations evoked by photostimulation persisted in the simultaneous presence of ODQ,
cyclosomatostatin and PD 160170 (right). (B) Distribution of action potentials in the cholinergic interneuron of (A) during photostimulation in control solution (left) or in
the presence of ODQ, cyclosomatostatin and PD 160170 (right). Spikes were detected in the 30 s preceding the light pulse, during the 10 s light pulse, and in the
30 s following the light pulse over five consecutive presentations of the photostimulation. The average number of spikes were calculated for adjacent 2 s time bins.
Firing probability remained elevated for several seconds after the end of the light pulse. (C) A different cholinergic interneuron was recorded in cell-attached
configuration. The neuron was sporadically active, but light stimulation (10 s) evoked a strong burst of spikes that persisted for several seconds after the pulse in
control solution (left). A similar pattern of action potentials was elicited by light pulses in the presence of ODQ, cyclosomatostatin and PD 160170 (right). The
decrease in spike amplitude is likely due to slight changes in the electrode-membrane seal during the cell-attached experiment. (D) Temporal distribution of spikes
before, during and after light pulses for the experiment of (C). Data were averaged over five consecutive presentations of photostimulations, in control solution (left)
and in the presence of ODQ, cyclosomatostatin and PD 160170 (right).
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FIGURE 9 | Slow depolarizations of cholinergic interneurons induced by photostimulation are blocked by the NOS inhibitor L-NAME in Som-ChR2
mice. (A) In a sporadically active cholinergic interneuron recorded in whole-cell configuration, light stimulation caused a robust depolarization accompanied by action
potentials (left). Subsequently, application of L-NAME completely abolished the ability of light pulses to affect the timing of action potentials. Note that the
spontaneous firing pattern has changed during the experiment, a phenomenon often observed in cholinergic interneurons. Small negative deflections were caused
by current steps (10 pA, 0.5 s) injected every 30 s. (B) Distribution of action potentials in the experiment of panel (A) in control solution (left) and in the presence of
L-NAME (right). Spike numbers were averaged over five consecutive presentations of the photostimulation. (C) In another neuron that was not spontaneously active,
photostimulation caused an initial fast response (asterisk), followed by a slowly-developing subthreshold depolarization in control solution (left). In the presence of
L-NAME, the early fast response (asterisk) was unchanged while the slow depolarization was abolished (right).
and picrotoxin co-application of the two antagonists depolarizes
the neurons. Under these conditions, ambient ACh presumably
resulted from spike-independent exocytosis of ACh vesicles
from cholinergic interneuron terminals. On balance, the indirect
excitatory effects of ACh prevailed on the direct inhibitory
ones. These effects are summarized in Figure 10. It should be
noted that the identity of the GABA terminals affecting LTS
interneurons has not been unraveled in this study, and a number
of possible sources exist in the striatum (Szydlowski et al.,
2013).
This prevalence is likely to be even more dramatic in vivo.
Most striatal GABAergic neurons are not spontaneously active in
brain slices (Tepper et al., 2010). Therefore, the GABA dependent
excitatory influence of ACh on LTS interneurons can be expected
to be even larger in the intact brain, where GABA levels are
expected to be larger as striatal GABAergic cells are activated
by cortical and thalamic inputs (Klaus et al., 2011). The ability
of cholinergic interneurons to increase the excitability of LTS
interneurons is likely to be important for the dynamics of
the local neuronal networks, not only in terms of the mutual
excitatory interactions demonstrated in this study, but also
because LTS interneurons mediate feed-forward inhibition of
striatal projection neurons (Koós and Tepper, 1999) and are
also likely to release somatostatin (Kawaguchi, 1993), that is
involved in themodulation of inhibitory interaction of projection
neurons (López-Huerta et al., 2012). Furthermore, cholinergic
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FIGURE 10 | Mutual control between cholinergic interneurons and LTS
interneurons. Diagram summarizing the interactions between cholinergic
interneurons and LTS interneurons. The cholinergic interneurons modulate LTS
interneurons through Acetylcholine (ACh) both directly and indirectly. Directly,
ACh can activate LTS interneurons through nicotinic receptors or inhibit LTS
interneurons through muscarinic receptors (the latter being the dominant
effect). Indirectly, ACh can increase GABA release from unidentified GABA
terminals through nicotinic action leading to inhibition of LTS interneurons. On
the other hand, ACh can inhibit GABA release through muscarinic action (this
is the dominant effect). The net overall influence of cholinergic interneurons on
LTS interneurons is excitatory. LTS interneurons in turn release nitric oxide that
depolarizes cholinergic interneurons, providing the basis for a mutually
excitatory positive feedback mechanism between the two interneuronal types.
modulation of LTS interneurons is potentially relevant for the
control of neurovascular coupling, which is believed to be
mediated, at least in part, by neuronally produced nitric oxide
(Laranjinha et al., 2012).
The changes in spontaneous GABAergic event frequency, but
not their amplitude, suggests that both muscarinic and nicotinic
receptors acted presynaptically to modulate GABA release, as
shown in previous studies (Luo et al., 2013; Yamamoto et al.,
2013), although the contribution of postsynaptic mechanisms
(including changes in chloride intracellular concentration)
cannot be ruled out.While PPRs of evoked GABAergic responses
were affected, the interpretation of this observation is not
straightforward, as the electrical stimuli delivered locally is
expected to activate cholinergic axons in addition to GABAergic
ones, giving rise to a situation far more complex than that of
traditional experiments with exogenous agonists.
We initially used a similar pharmacological approach,
based on the application of selective receptor antagonists,
to investigate how the LTS interneurons (which are also
spontaneously active in brain slices) affected cholinergic
interneurons. However, blocking somatostatin and NPY
receptors or preventing nitric oxide production did not elicit
detectable effects in cholinergic interneurons. This suggests
that either the spontaneous action potentials of the LTS
interneurons are unable to release these neurotransmitters
in concentrations large enough to influence the cholinergic
interneurons, or that these neurotransmitters are not involved
in the communication between these interneuronal classes.
Neuronal nitric oxide synthases require significant increases in
intracellular calcium to become activated, possibly accompanied
by activation of NMDA receptors (Garthwaite, 2008). Thus, the
relatively sparse action potentials generated by LTS interneurons
in brain slices may not be sufficient for significant nitric
oxide production. In order to be able to photo-stimulate
LTS interneurons selectively, we crossed transgenic mice
expressing Cre-dependent channelrhodopsin constructs with
mice expressing Cre recombinase exclusively in neurons
expressing somatostatin. A similar transgenic strategy was
recently used to stimulate striatal LTS interneurons by
Rafalovich et al. (2015). As expected, in the striatum of
the resulting offspring, photostimulation produced fast
and large depolarizations in LTS interneurons but not in
MSNs or cholinergic interneurons. However, prolonged light
pulses evoked slowly developing, sustained depolarizations
of cholinergic interneurons, often accompanied by robust
action potential firing. These excitatory responses can be
safely attributed to nitric oxide, as they were entirely blocked
by L-NAME, a selective nitric oxide synthase inhibitor, while
they were not affected by somatostatin or NPY receptor
antagonists. GABA, the remaining transmitter released by
LTS interneurons, can also be ruled out, as it would produce
hyperpolarizing responses in cholinergic interneurons under our
recording conditions.
Interestingly, these nitrergic effects were not blocked by
a glucocerebrosidase (GC) inhibitor. GC is the main known
nitric oxide receptor and mediates nitrergic responses in several
neuronal types (Garthwaite, 2008). Nevertheless, in another
study, nitric oxide-mediated modulation of dopamine release in
the striatum was also found to be independent of GC activation
(Hartung et al., 2011), suggesting that alternative nitric oxide-
receptors and associated biochemical pathways are present in
this area. Further experiments will be required to identify
the molecular cascades involved in the nitrergic excitation
of cholinergic interneurons. A previous study, carried out in
rats, found that nitric oxide donors depolarized cholinergic
interneurons through GC activation (Centonze et al., 2001). It is
likely that such exogenous applications produce a spatiotemporal
profile of nitric oxide elevation that differs substantially from
that caused by neuronal activation and therefore engage and/or
desensitize different molecular targets.
It is remarkable that, in the present study, prolonged light-
induced depolarizations of LTS interneurons were sufficient to
release nitric oxide. This was not easy to predict, as nitric oxide
synthase is often physically associated with NMDA receptors
and is thought to require their activation to produce nitric
oxide (Garthwaite, 2008). However, NMDA receptor activation
is unlikely to have occurred substantially in our experimental
conditions. Further experiments will be required to reveal if,
and under which conditions, nitric oxide synthase can operate
in LTS interneurons independently of NMDA receptors. The
observation that light pulses up to 1 s in duration did not
elicit measurable effects in cholinergic interneurons suggests
that nitric oxide is unlikely to be released as a result of phasic
excitatory signals to LTS interneurons and may rather take place
in response to slower signals provided by neuromodulators such
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as dopamine, that has a strong excitatory influence on these
neurons (Centonze et al., 2002). It is also possible that in the
presence of NMDA receptor activation, nitric oxide release can
take place on a faster timescale.
The present experiments revealed for the first time
the presence, time course and extent of the excitation of
cholinergic interneurons caused by endogenous, neuronally
released nitric oxide. Nitrergic depolarizations usually
peaked in the first few seconds of a photostimulation pulse
and were able to evoke intense firing even in sporadically
active or quiescent cholinergic interneurons. In some
cases the depolarizations (and occasionally the firing)
outlasted the light pulses. Clearly, these relatively slow
responses are unlikely to partake in very fast neuronal
processing and are rather expected to affect the local
network dynamics over prolonged periods. Indeed, the
complex communication between LTS and cholinergic
interneurons (summarized in Figure 10 and including both
direct and indirect mechanism) is likely to provide the
cellular basis for a positive-feedback, mutually excitatory
interaction, in which the two neuronal types may support
each other in a protracted state of increased excitation.
The functional significance of this configuration will have
to be established with in vivo experiments. It is tempting
to speculate that a state of heightened excitability of the
two tonically active interneurons may provide an enhanced
background for the firing pause that follows rewarding stimuli
(Joshua et al., 2008), thus increasing the contrast of the response
to such stimuli.
Given the ability of thalamic fibers to activate cholinergic
interneurons (Ding et al., 2010), it is possible that an ‘‘up-state’’
of cholinergic and LTS interneurons is initiated by co-ordinated
thalamic inputs and then self-maintained until a sufficiently
large phasic inhibitory input is conveyed to either group of cells
(or both). We have shown that serotonin excites cholinergic
interneurons but it inhibits LTS interneurons (Blomeley and
Bracci, 2005; Cains et al., 2012). It is tempting to speculate
that serotonin, which is released in the striatum mainly by
afferents from the raphe nucleus, may provide a mechanism to
de-couple the two interneuronal classes, preventing their mutual
excitation and biasing the local network towards cholinergic
modulation.
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